Abstract. The pathogenesis of adolescent idiopathic scoliosis (AIS), including the associated local changes in deep paravertebral muscles, is poorly understood. The asymmetric expression of several molecules involved in the melatonin signaling pathway, including melatonin receptors 1A/1B (MTNR1A/MTNR1B), estrogen receptor 2 (ESR2) and calmodulin (CALM1), has previously been suggested to be associated with AIS. However, this hypothesis is based on single studies in which the data were obtained by different methodological approaches. Therefore, to evaluate the symmetry of the mRNA expression levels of these molecules, 18 patients with AIS and 10 non-scoliotic controls were enrolled in the present study. Muscle biopsy samples from deep paraspinal muscles (from the convexity and concavity of the scoliotic curve in patients with AIS, or from the left and right sides in controls) were obtained during spinal surgery. For each sample, the relative mRNA expression levels of MTNR1A, MTNR1B, CALM1 and ESR2 were analyzed by reverse transcription-quantitative polymerase chain reaction (RT-qPCR) and were quantified according to the quantification cycle method. The results indicated that the mRNA expression levels of none of the investigated molecules were significantly different between samples obtained from the convex and concave side of the scoliotic curve in patients with AIS. In addition, no difference in expression was detected between the patients with AIS and the controls. With regards to MTNR1A and MTNR1B, their expression was very weak in paravertebral muscles, and in the majority of cases their expression could not be detected by repeated RT-qPCR analysis. Therefore, these data do not support the previously suggested role of the asymmetric expression of molecules involved in the melatonin signaling pathway in deep paravertebral muscles in the pathogenesis of AIS.
Introduction
Adolescent idiopathic scoliosis (AIS) is characterized by deformity of the spine, which develops without a known cause, predominantly in previously healthy individuals during the adolescent growth spurt (1, 2) . It affects between 2 and 4% of the global population, and is more prevalent in girls (gender ratio, 8:1) (3) (4) (5) . Since there is currently no early preventive treatment available, and a significant proportion of patients with AIS require intensive brace therapy or invasive surgical correction (2, 6, 7) , improved understanding regarding the etiopathogenesis of AIS is required. Several suggestions have been proposed regarding the etiology of AIS, including neuromuscular, genetic, mechanical, growth-related or developmental hypotheses; however, at present, no single key factor has been identified (8, 9) .
The potential role of local changes to deep paravertebral muscles in the development of AIS has been the subject of several analyses. Numerous histochemical studies have reported significant differences in fiber size and the proportion of muscle fiber types between the convex and concave sides of the scoliotic curve (10) (11) (12) . Therefore, muscle imbalance and asymmetry of paravertebral muscles in patients with AIS may be considered to serve an important role in the development of spinal deformity (10) (11) (12) (13) .
The asymmetric expression of several molecules in bilateral paravertebral muscles has also been suggested to be involved in the pathogenesis of AIS. Among the various molecular hypotheses, melatonin deficiency (14, 15) and dysfunctional melatonin signaling (16, 17) have received major attention. The expression of melatonin receptors 1A/1B (MTNR1A/MTNR1B; also referred as MT1 and MT2 receptors) in paravertebral muscles was previously investigated by Qiu et al (18) , and MTNR1B expression was shown to be asymmetric. At the protein level, Acaroglu et al (19) demonstrated an asymmetric distribution of calmodulin (CALM1) in the paravertebral muscles of patients with AIS. This finding is of particular interest, since CALM1 not only regulates the contractile properties of muscle fibers by regulating calcium transport through the cellular membranes (20) , but also acts as a neurotransmitter in the regulation of melatonin secretion (21) . Crosstalk between estrogens and the melatonin signaling pathway has previously been reported (22) , and the existence of an anomaly specific to the estrogen system has been suggested in patients with scoliosis (23) . In addition, the expression levels of estrogen receptor 2 (ESR2) have previously been investigated in the paravertebral muscles of patients with AIS; the results indicated that ESR2 exhibited asymmetrical expression, albeit not unidirectional (24) .
Although the hypothesis that asymmetric molecular alterations to the melatonin signaling pathway in paravertebral muscles are associated with AIS appears promising, it is based on single studies in which data were obtained by different methodological approaches. In order to verify and provide more evidence for this hypothesis, the present study examined the relative mRNA expression levels of MTNR1A, MTNR1B, ESR2 and CALM1 in deep paravertebral muscles from patients with AIS using reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Materials and methods
Patient characteristics. The present study recruited 18 patients with AIS and 10 control subjects in University Hospital Kralovske Vinohrady (Prague, Czech Republic) between March 2012 and April 2015. The AIS group consisted of 15 female and 3 male patients that were undergoing posterior instrumentation and fusion for treatment of AIS. The mean age was 17.2±5.5 years (range, 11-31 years), and all patients had relatively severe spinal curves, with a mean Cobb angle measurement of 50.5˚±8.7˚ (range, 31˚-70˚). All but one subject had thoracic convexity to the right. The control group comprised 6 female and 4 male patients without scoliosis (including 4 cases of thoracolumbar trauma with burst fractures, 4 disc herniations and 2 cases of degenerative stenosis) undergoing posterior surgery. The mean age was 32.7±11.9 years (range, 12-55 years). Written informed consent was obtained from each patient/guardian prior to the enrollment. The present study was approved by the ethics committee of the 3rd Faculty of Medicine, Charles University and University Hospital Kralovske Vinohrady.
Muscle biopsy. Muscle biopsies (size, ~10x5x5 mm) were obtained during surgery. The biopsies were taken bilaterally from the multifidus muscle at the apex of the scoliotic curve between the 9th and 12th thoracic vertebral levels in patients with AIS, and bilaterally from the same region in individuals of the control group.
Muscle tissues were snap-frozen in isopentane (2-methylbutane; Sigma-Aldrich; Merck Millipore, Darmstadt, Germany) and were maintained in liquid nitrogen. From each tissue block, 3 µm cryosections were examined by routine hematoxylin-eosin staining to ensure the quality and the relevance of the harvested tissue. Muscle samples were subsequently stored at -80˚C.
RNA extraction and preparation of cDNA by RT. Total RNA was isolated from cryosections of the samples using TRIzol ® reagent (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) according to the manufacturer's protocol. cDNA was prepared by RT from 10 µl RNA in a 20 µl reaction volume. The reaction mixture consisted of 50 mM Tris-HCl, pH 8.3; 75 mM KCl; 3 mM MgCl 2 ; 10 mM dithiotreitol; 0.5 mM each dNTP; 12.5 mM random hexamers and 50 units MMLV Reverse Transcriptase (Gibco; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. RT included an incubation period at 37˚C for 60 min.
RT-qPCR. RT-qPCR analyses were performed using LightCycler ® 480 Instrument II (Roche Diagnostics Deutschland GmbH, Mannheim, Germany). RT-qPCR analysis of the housekeeping gene β2-microglobulin was conducted using a hydrolyzation probe in order to evaluate the amount and amplificability of cDNA. The primers were designed as reported by Bijwaard et al (25) and are presented in Table I .
Relative m R NA expression levels of CA LM1 (id. Hs 003000085_s1), ESR2 (id. Hs 01100353_m1), M T N R1A (id. Hs 0 0195567_ m1) a nd M T N R1B (id. Hs 001737947_m1) were evaluated by qPCR using TaqMan Master Mix II, and primers and probes contained in TaqMan assays (cat. no. 4331182; Applied Biosystems; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol, including the thermocycling conditions.
For confirmation of the observed low or absent expression levels of melatonin receptors, the results of the TaqMan assays were re-analyzed using another set of primers and a TaqMan probe for MTNR1A (26) (27) (Table I ). The program for confirmatory assay for MTNR1B consisted of initial denaturation at 95˚C for 3 min, followed by 55 cycles at 95˚C for 20 sec, and 60˚C for 60 sec (single fluorescence measurement) followed by melting curves analysis at 95˚C for 15 sec and 65˚C for 10 sec and 97˚C (continuous fluorescence measurement; ramping rate, 0.1) Four archive samples of invasive ductal breast carcinoma were obtained from the archives of the Department of Pathology and Molecular Medicine, University Hospital Motol (Prague, Czech Republic) with known expression of both melatonin receptors (28) were co-analyzed by both methods, in order to ensure functionality of the TaqMan assays and/or primers and probes used in the present study.
All analyses were performed in duplicate and the mean values were obtained for further analysis. Representative amplification curves obtained for the genes of interest are presented in Fig. 1 .
Evaluation of RT-qPCR results.
The mRNA expression levels of CALM1, ESR2, MTNR1A and MTNR1B were calculated according to the ∆Cq relative quantification method (29, 30) , which is based on the expression levels of a target gene versus the reference housekeeping gene. Briefly, fluorescence was measured continually during the melting curve cycle and a melting curve analysis was performed. Data were analyzed using LightCycler ® 480 Software, version 1.5 (Roche Diagnostics Deutschland GmbH). Results were obtained as quantification cycle (Cq) values. The software determines a threshold based on the baseline fluorescent signal, and the data point that meets the threshold is considered the Cq value, which is inversely proportional to the starting number of template copies. The average Cq value for β2-microglobulin was subtracted from the average Cq value of the gene of interest to yield the ΔCq value.
Statistical analysis. Results are presented as the mean ± standard deviation. Differences between the numeric variables of two groups were evaluated using the Mann-Whitney U test. Correlations between numeric variables were assessed according to the Spearman's rank correlation analysis.
Statistical analysis was considered using JMP IN 5.1 software (SAS Institute, Cary, NC, USA). P<0.05 was considered to indicate a statistically significant difference.
Results

mRNA expression of CALM1 and ESR2.
The results of the RT-qPCR analysis of the mRNA expression levels of CALM1 and ESR2 in the specific subgroups are summarized in Table II . For mRNA expression of both CALM1 and ESR2 no statistically significant differences were observed when comparing the AIS and control groups (P=0.09 and 0.47, respectively), as well as when comparing the concave and convex samples from the patients with AIS AIS (P=0.53 and 0.75, respectively). In addition, no statistically significant correlation was observed between the value of the Cobb angle and the mRNA expression levels of the studied genes (data not shown).
mRNA expression of MTNR1A and MTNR1B. In general, for MTNR1A and MTNR1B, the observed mRNA expression levels were very weak or absent in patients with AIS, as well as in control individuals.
MTNR1A mRNA expression near the detection limit was observed in 9/18 samples from the concave side of the curve in patients with AIS (mean Cq value, 37.06±1.43) and in 11/18 convex scoliosis samples (mean Cq value, 37.18±1. 19) . Similarly in the control group, MTNR1A mRNA expression was weakly detectable in a small proportion of samples (3/10 from the left and 2/10 from the right side; mean Cq values, 38.55±0.17 and 39.77±0.55, respectively). The remaining samples were completely negative for MTNR1A mRNA expression. The results of the mRNA expression analysis of MTNR1B were completely negative in both AIS and control groups, as determined using TaqMan assay and have not been presented.
The results of the present study were confirmed by repeating the analysis using different sets of primers and probes. The confirmatory analysis for MNTR1A revealed The present study used two independent sensitive detection techniques to determine the mRNA expression levels of MTNR1A and MTNR1B. The results indicate that MTNR1A and MTNR1B expression was absent in a marked proportion of AIS and control samples. In the remaining samples, expression was near the detection limit, with Cq values ranging between 37 and 47; however, the majority of these results should also be interpreted as negative, since Cq values >40 approach the sensitivity limits of the RT-qPCR system (31, 32) .
No statistically significant differences were revealed when comparing the mRNA expression levels of MTNR1A and MTNR1B between the studied subgroups. In addition, no correlation was observed between the expression levels of melatonin receptors and the value of the Cobb angle (data not shown).
Discussion
The hypothesis that melatonin deficiency and dysfunctional melatonin signaling have roles in the etiopathogenesis of AIS Figure 1 . Representative RT-qPCR amplification plots in semi-logarithmic view for B2M housekeeping gene, and for ESR2, CALM1 and MTNR1A using TaqMan assays. Furthermore, the results of the confirmatory analysis of MTNR1A expression using primers and a TaqMan probe, and of MTNR1B expression using primers and SYBR Green are presented. Arrows represent cases of invasive ductal breast carcinoma with known MTNR1B mRNA expression (Cq values around the 30th cycle, compared with the studied samples where Cq values are around the 40th cycle or are completely negative). X-axes indicate RT-qPCR cycle number, Y-axes indicate fluorescence intensity. RT-qPCR, reverse transcription-quantitative polymerase chain reaction; B2M, β2-microglobulin; ESR2, estrogen receptor 2; CALM1, calmodulin; MTNR1A, melatonin receptor 1A; MTNR1B, melatonin receptor 1B.
remains controversial. Early experiments, which revealed the development of scoliosis after pinealectomy in chickens (33, 34) , and the prevention of experimentally-induced scoliosis development following intramuscular implantation of the pineal body into pinealectomised chickens (33) , led to the hypothesis that defects in the neurohormonal system of the pineal body may serve a major role in the development of AIS. Recently, however, major concerns have been raised regarding the scientific validity and limitations of the melatonin-deficient experimental animal models used for studying the etiopathogenesis of AIS in humans (35) . Furthermore, the hypothesis that melatonin deficiency is a causative factor in the etiology of AIS has not been supported by data from several studies in human patients with AIS, as reviewed by Girardo et al (36) .
The involvement of melatonin receptors, particularly MTNR1B, in the development of AIS has been suggested by a few reports published by a single center, which have reported that the protein and mRNA expression levels of MTNR1B are significantly reduced in cultured osteoblasts from girls with AIS compared with controls (37, 38) . Furthermore, functional abnormality of the melatonin signaling pathway, resulting in an abnormal proliferative and differentiative response of cultured growth plate chondrocytes (GPCs) to melatonin, alongside significantly reduced MTNR1B mRNA expression, has been detected in AIS GPCs compared with in controls (39) . However, at present, these associations have not been replicated and validated. Another group investigated the paravertebral muscles in patients with AIS, and demonstrated that the mRNA expression levels of MTNR1B were higher on the concave side of the scoliotic curve compared with on the convex side, as determined by endpoint PCR; however, MTNR1A mRNA expression exhibited no significant difference (18) . The present study did not observe significant differences in MTNR1A mRNA expression, nor in MTNR1B expression, as determined using RT-qPCR. Notably, RT-qPCR is a more precise method for quantitative gene expression analysis, which displays a dynamic range compared with quantification by endpoint PCR (40) . Furthermore, in a marked proportion of patients with AIS and control individuals, the expression of MTNR1B was undetectable, even when employing two different approaches, and the remaining positive samples had Cq values that reached the sensitivity limits of the RT-qPCR system.
The pathogenic role of melatonin receptors in AIS has been further questioned, since no significant association has been reported between mutations in any known melatonin-related receptors and AIS (41) . Although an MTNR1B gene polymorphism has been revealed to be associated with AIS in Chinese patients (42) , it was not confirmed in the Japanese population (43) nor by a recently published meta-analysis (44) .
Among other molecules involved in the melatonin signaling pathway, the role of estrogen receptors and CALM1 have attracted the attention of several investigators. Previous experimental studies have demonstrated that although selective estrogen receptor modulators, and CALM1 antagonists, do not prevent the occurrence of scoliotic deformities, they can decrease the rate of progression of the deformity in experimental animals (45) (46) (47) . Conversely, replication studies and a meta-analysis did not confirm the previously suggested association between estrogen receptor gene polymorphisms and AIS predisposition or curve severity in humans (48) (49) (50) (51) . In the paravertebral muscles of patients with AIS, the expression of ESR2 was investigated in a previous study (24) . The observed asymmetry of ESR2 expression, although not unidirectional, could not be supported by the present results. The present study observed no significant difference in the expression of ESR2 between the convex and concave sides of the scoliotic curve, or between patients with AIS and non-scoliotic controls. Similar results were observed with regards to the mRNA expression levels of CALM1 in paravertebral muscles. Therefore, the present study provided no support for the results of two previous studies, which reported the asymmetric distribution of CALM1 (at the protein level) in the paravertebral muscles of patients with AIS; one study reported that its expression was higher at the convex side and lower at the concave side (19) , whereas the other study indicated the opposite (52) .
In conclusion, the present study does not support the hypothesis that the expression of molecules involved in the melatonin signaling pathway (MTNR1A, MTNR1B, ESR2 and CALM1) in the paravertebral muscles is associated with development of AIS.
